To ®nd the regions having a major in¯uence on the bioluminescence spectra of railroad worm luciferases, we constructed new chimeric luciferases switching the fragments from residues 1±219 and from 220±545 between Phrixotrix viviani (PxvGR; l max = 548 nm) green light-emitting luciferase and Phrixothrix hirtus (PxhRE; l max = 623 nm) red light-emitting luciferases. The emission spectrum (l max = 571 nm) and K M for luciferin in the chimera PxRE220GR (1±219, PxhRE; 220±545, PxvGR) suggested that the region above residue 220 of PxvGR had a major effect on the active site. However, switching the sequence between the residues 220±344 from PxvGR luciferase into PxhRE (PxREGRRE) luciferase resulted in red light emission (l max = 603 nm), indicating that the region 220±344 by itself does not determine the emission spectrum. Furthermore, the sequence before residue 220 of the green-emitting luciferase is incompatible for light emission with the sequence above residue 220 of PxhRE. These results suggest that the fragments before and after residue 220, which correspond to distinct subdomains, may fold differently in the greenand red-emitting luciferases, affecting the active site conformation.
Introduction
Beetle luciferases elicit a wide range of bioluminescence colors ranging from green to red using the same luciferin substrate . Despite this variety, most studies aiming at understanding the relationship between structure and emission spectra have focused on the ®re¯y luciferases that emit yellow±green light under physiological conditions (Kajiyama and Nakano, 1991; Mamaev et al., 1996; Ohmiya et al., 1996; Branchini et al., 2001; Willey et al., 2001 ) and four click beetle isoenzymes (Wood et al., 1989) . The ®re¯y luciferase crystal structure, solved in the absence of substrates, shows a main N-terminal (1±435) domain bound by a¯exible loop (436±440) to a smaller C-terminal domain (441±550) (Conti et al., 1996) . The facing surfaces of these domains contain many conserved residues among AMP/CoA-ligases, forming a cleft that was proposed to constitute the active site. The structure of ®re¯y luciferase in the presence of bromoform and the three-dimensional structure of phenylalanine CoA synthetase in the presence of phenylalanine (Conti et al., 1997) provided a theoretical basis for two active site models (Branchini et al., 1998; Sandalova and Ugarova, 1999) . Three mechanisms have been proposed to explain color differences in beetle luciferases: (i) non-speci®c interactions, especially the solvent effect (DeLuca, 1969) and the orientation polarizability of the active site microenvironment around the excited oxyluciferin (Ugarova and Brovko, 2002) ; (ii) speci®c interactions of luciferase residues with oxyluciferin, such as basic residues assisting the tautomerization between a keto (red emitter) and enol (green±yellow emitter) form of excited oxyluciferin (White and Branchini, 1975; Viviani and Bechara, 1995) ; however, recent studies using the 5,5-dimethyloxyluciferin analog showed that the keto form of oxyluciferin can emit either yellow±green or red light depending on the luciferase, making the tautomerization process no longer a necessary condition for red light emission (Branchini et al., 2002) ; and (iii) the conformation of the active site affecting the freedom of rotation of the oxyluciferin thiazolinic rings (McCapra et al., 1994) .
Among all the beetle luciferases, the Phrixotrix railroad worm luciferases are the most spectacular because they are the only ones that naturally emit red light in addition to the usual yellow±green bioluminescence found in most beetle luciferases. They offer unique models to investigate the relationship between structure and bioluminescence colors, being potentially useful as reporter genes for biotechnological and biomedical purposes. To address the relationship between structure and bioluminescence color in beetle luciferases, we have cloned the cDNAs for Phrixotrix viviani green-emitting (PxvGR) and Phrixotrix hirtus red-emitting (PxhRE) railroad worm luciferases (Viviani et al., 1999a) in addition to other beetle luciferases (Viviani et al., 1999b; . Using site-directed mutagenesis and protein chimerization techniques, we found that the region before residue 344 determines the bioluminescence spectrum in railroad worm luciferases . We also found that the invariant residue R215 and the conserved T226 in pH-insensitive luciferases (N229 in pH-sensitive luciferases) (Viviani et al., 2001 ) are key residues that may interact, keeping a proper active site conformation for green light emission .
To narrow down the region of the luciferase structure determining the bioluminescence spectra, we constructed new luciferase chimeras by combining the fragments before and after residue 220 of P.viviani and P.hirtus railroad worm luciferases and analyzed their effect on the bioluminescence spectra and kinetic properties.
The in¯uence of the region between residues 220 and 344 and beyond in Phrixotrix railroad worm luciferases green and red bioluminescence
Materials and methods

Reagents
Isopropyl-b-D-thiogalactopyranoside (IPTG), dithiothreitol (DTT), guanidine chloride, ampicillin, Triton X-100, coenzyme-A (CoA) and adenosine triphosphate (ATP) were obtained from Sigma (St Louis, MO), D-luciferin (potassium salt) from Promega (Madison, WI), restriction enzymes and Taq polymerase from New England Biolabs (Cambridge, MA) and Sephacryl S-300 from Amersham (Amersham,UK).
cDNAs
The cDNAs for P.hirtus red-emitting luciferase (PxhRE) and P.vivianii green-emitting luciferase (PxvGR) were previously cloned in our laboratories (Viviani et al., 1999a,b) . All cDNAs, with the exception of PxhRE, were in the pBluescript vector and propagated in Escherichia coli strain XL1-Blue. PxhRE cDNA was in the expression vector pTHis (Invitrogen) and was propagated in E.coli strain BL21.
Site-directed mutagenesis
Site-directed mutagenesis was performed using a QuikChange site-directed mutagenesis kit (Stratagene, La Jolla, CA). The plasmids containing the luciferase cDNAs were ampli®ed using Pfu turbo polymerase and two complementary primers containing the desired mutation, using a thermal cycler (one cycle 95°C; 12 cycles 95°C, 30 s, 55°C, 1 min and 68°C, 12 min). After ampli®cation, mutated plasmids containing staggered nicks were generated. The products were treated with DpnI in order to digest non-mutated parental plasmids and used directly to transform E.coli XL1-Blue cells. The primer PxhRE S220R and its reverse complement was used: 5¢ CGTCCATAGCAGAGATCCCATCTATGG 3¢.
Chimeric luciferases
Luciferase chimeras were constructed according to Figure 1 . A BamHI restriction site was inserted through site-directed mutagenesis in pBl-PxhRE to generate pBl-PxhRE-BamHI. The resulting substitution S220R in PxhRE luciferase had no effect on the bioluminescence spectrum. The plasmid pBlPxvGR has a BamHI restriction site in the corresponding position. The plasmids pBl-PxvGR and pT-PxhRE-BamHI were digested with BamHI and the resulting fragments were ligated generating the chimeras PxRE220GR and PxGR220RE. In order to produce the chimera PxREGRRE, a PstI restriction site was introduced in PxRE220GR generating PxRE220GR-PstI. After digestion of PxhRE and PxRE220GR-PstI with PstI, the fragment of 1.1 kb of PxRE220GR was inserted in the linearized plasmid containing only the 3¢-terminal portion of PxhRE.
Sequencing
The mutants and chimeras were sequenced by the dideoxy chain termination method (Sambrook et al., 1989) using an ABI PRISM dye terminator cycle sequencing kit (Applied Biosystems, Foster City, CA) speci®cally developed for the V.R.Viviani, A.J.da Silva and Y.Ohmiya ABI PRISM 377 automatic sequencer (Perkin-Elmer, Norwalk, CT). Universal SK and KS primers and the following primers were designed to sequence the constructs and mutations: PxhRE, 5¢ CCATCTATGGTAATCGTATTGCTCC 3¢; PxvGR, 5¢ CAAGTTTCAGTTAATCCATAT 3¢.
Extraction and partial puri®cation of luciferases
For luciferase preparations, 50±100 ml of LB culture were grown at 37°C up to OD 600 = 0.3±0.5 and then induced with 1 mM IPTG until OD 600 = 1.7±1.9 at 25°C. Cells were harvested by centrifugation at 5000 g for 15 min and resuspended in extraction buffer (0.1 M sodium phosphate buffer, 1 mM EDTA, 1 mM DTT and 1% Triton X-100, 10% glycerol and protease inhibitor cocktail, pH 7.5), sonicated six times with 10 s pulses and centrifuged at 15 000 g for 15 min at 4°C. The supernatant was precipitated with ammonium sulfate and the precipitate between 55 and 70% was resuspended in extraction buffer and stored at ±20°C. PxhRE and PxvGR luciferases were further puri®ed by gel ®ltration using a Sephacryl S-300 column. The bioluminescence spectra of crude preparations and partially puri®ed luciferases were indistinguishable.
Measurement of luminescence intensities
Bioluminescence intensities were measured in a custom-made photometer (Mitchell and Hastings, 1971) . The assays were performed by mixing 5 ml of 40 mM ATP±80 mM MgSO 4 with a solution consisting of 10 ml of crude extract±luciferase and 85 ml of 0.5 mM luciferin in 0.1 M Tris±HCl, pH 8.0.
K M determination
For luciferin K M determination, 5 ml of 40 mM ATP±80 mM MgSO 4 were mixed with a solution consisting of 10 ml of luciferase and 85 ml of 0.1 M Tris±HCl buffer, pH 8.0, containing luciferin at concentrations between 0.01 and 1 mM (®nal concentration). Each assay was performed in triplicate. The K M values were calculated from Lineweaver±Burk plots using peak initial intensity values (I 0 ) as a measure of V. The half-life of luminescence is the time necessary for the decay of luminescence intensity from the peak to the half-value.
Bioluminescence spectra
Bioluminescence spectra were recorded using a Fluoromax Spex spectro¯uorimeter according to Viviani et al. (1999a,b) . The emission spectra were autocorrected for instrument photosensitivity. For the in vitro bioluminescence, 50±100 ml of crude extracts were mixed with 900±950 ml of assay solution (0.5 mM luciferin, 2 mM ATP, 4 mM MgSO 4 , 0.5 mM CoA and 1% Triton X-100 in 0.1 M Tris±HCl, pH 8.0).
Western blotting
In order to check the expression of wild-type and chimeric luciferases, SDS±PAGE followed by western blotting were performed. Crude extracts were ®ltered using Microcon 100 kDa molecular weight cut-off ®lters and concentrated using 50 kDa cut-off ®lters. The denatured samples were then applied to SDS gels and electroblotted on to nitrocellulose membranes. The membranes were ®rst incubated with ®re¯y luciferase polyclonal primary antibody (dilution: 1:3000) and then with anti-rabbit horeseradish peroxidase (HRP) labeled secondary antibody (dilution: 1:5000) and revealed by chemiluminescence using an ECL western blotting kit (Amersham) according to the manufacturer's instructions.
Results
In¯uence of the sequence between residues 220 and 344 on bioluminescence spectra Previously, we found through the construction of the chimeras PxREGR and PxGRRE that the region before residue 344 determines the bioluminescence spectra in railroad worm luciferases . The K M for luciferin and the kinetic pro®les of these chimeras, reported here, are closer to the values observed for the luciferase which contributed the region 1±344 ( Table I ), suggesting that the region before residue 344 also has a major in¯uence on the structure of the active site and hence the bioluminescence color.
In order to delimit the region of the N-terminal sequence prior to residue 344, which determines the spectra of railroad worm luciferases, chimeric proteins using the fragment from residues 1±219 from the red-emitting luciferase and from residues 220±545 from the green-emitting luciferase (PxRE220GR) and vice versa (PxGR220RE) were constructed ( Figure 1 ). The chimera PxRE220GR produced bioluminescence with a spectrum centered at 571 nm ( Figure 2 ). This result shows that the region above residue 220 has a greater effect since the emission peak was energetically closer to the value of PxvGR luciferase than to PxhRE luciferase (Table I) . Similarly, the K M value for luciferin and the half-life of luminescence were also closer to those reported for PxvGR luciferase than for PxhRE luciferase ( Table I ), suggesting that the af®nity and therefore the general conformation of the active site for this chimera resemble those of PxvGR luciferase. Therefore, to see if the region 220±344 was the main bioluminescence color determinant, we constructed chimeras replacing the sequence 220±344 from one luciferase into the other. To our surprise, the red-emitting luciferase containing the fragment from residues 220±344 of the green-emitting luciferase (PxREGRRE) emitted red light (Figure 2 ) instead of yellow±green light, showing that the primary sequence of this fragment by itself does not determine bioluminescence colors in railroad worm luciferases.
Impact of the fragments above residue 220 of PxhRE on the luciferase activity
It is noteworthy that the PxGR220RE and PxGRREGR chimeric luciferases were found to be inactive for light emission. Since the wild-type and chimeric luciferases expressed similar levels of protein, as can be seen by western blotting (Figure 1) , these results suggest that the absence of bioluminescence is due to severe impairment of luciferase activity.
Discussion
Red bioluminescence is unusual among beetle luciferases. In ®re¯y luciferases, red light may result as a consequence of denaturation, for example, by changes of pH or temperature (Seliger and McElroy, 1964) . On the other hand, red light emission in Phrixotrix luciferases is not merely the result of denaturation but rather the result of the evolutionary optimization of the active site for production of red bioluminescence. This is attested by its narrow spectrum and by the lack of temperature effects on the shape and position of the spectrum (results not shown). Moreover, in the yellow±green-emitting luciferases, there is a general trend for red shifts upon mutations. In contrast, in Phrixotrix red-emitting luciferase, no single substitution has ever resulted in a substantial change of color (>10 nm) of the bioluminescence, suggesting that the active site conformation for red light emission might be in the most relaxed conformation achievable by beetle luciferases .
Considering that the region above residue 220 has a signi®cant effect on the emission spectrum of PxRE220GR whereas the region beyond 344 has no effect on the emission spectra of railroad worm luciferases, it is remarkable that the region 220±344 does not have a major in¯uence. Furthermore, the lack of activity of the chimeras containing the fragments above residue 220 of PxhRE luciferase is also noteworthy. These results suggest that there could be considerable differences in the relative conformation assumed by the fragments before and above residue 220 in the green-and red-emitting luciferases.
In the three-dimensional structure of ®re¯y luciferase, the region corresponding to residues 221±352 of railroad worm luciferases corresponds to the sub-domain B (Conti et al., 1996) . Many important residues affecting bioluminescence color and activity in ®re¯y luciferases, including the putative luciferin binding peptide 244HHGF247 (Branchini et al., 1998) , are found in this sub-domain. In click beetle luciferases, the sequence between residues 223 and 247 was found to be the main determinant of bioluminescence colors in those luciferases (Wood et al., 1990) . Therefore, subdomain B could be considered as a surface containing important residues and motifs interacting with excited oxyluciferin. The regions corresponding to residues 70±220 and 355±436 correspond to subdomains A and C, respectively. Important residues are also found in the subdomains A, C, D and E of ®re¯y luciferases. The luciferin binding site was suggested to be located in a depression formed by the packing of subdomain B against the subdomains A and C. The proper packing of these sub-domains must be critical for the active site formation, by positioning key residues and creating a favorable microenvironment for bioluminescence. In the green-emitting luciferase, the conformation assumed by the fragment 220±344 or some of its motifs in relation to other sub-domains could be considerably different from that of the red-emitting luciferase. In the chimera PxREGRRE the fragment 220±344 of the greenemitting luciferase evidently assumes a similar con®guration to that found in the wild-type PxhRE red-emitting luciferase. However, in the chimeras PxGR220RE and PxGRREGR the fragments above residue 220 of the red-emitting luciferase could not be properly folding with the sub-domains of the green emitting luciferase, resulting in impairment of bioluminescent activity. Recently, Zako et al. (2003) showed that ®re¯y luciferase retains a basal activity and emits red light on removal of the C-terminal domain, indicating that the C-terminal domain is somehow recruited for ef®cient green light emission. The three-dimensional structure of acetyl-CoA synthetase also suggests that the rotation of the C-terminal domain upon CoA binding might be an important step for the second half-reaction catalyzed by AMP-ligases, i.e. the oxidation step in beetle luciferases. Overall, these results are consistent with major structural rearrangements between the green-and red-emitting luciferases. Fig. 2 . In vitro bioluminescence spectra of wild-type PxvGR and PxhRE luciferases and chimeras RE220GR and REGRRE. The spectra of PxvGR and PxhRE were extracted from Viviani and Ohmiya (2000) . All spectra are auto-corrected for the equipment photosensitivity and normalized for intensity.
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